The mechanisms leading to degeneration of dopaminergic neurons (DNs) in the substantia nigra of patients with Parkinson's disease (PD) are not completely understood. Here, we show, in the postmortem human tissue, that these neurons aberrantly express mitosis-associated proteins, including the E2F-1 transcription factor, and appear to duplicate their nuclear DNA. We further demonstrate that the dopaminergic neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine injected into mice and application of its active metabolite 1-methyl-4-phenylpyridinium to mesencephalic cultures activate the retinoblastoma-E2F pathway in postmitotic DNs. We also find that cell death rather than mitotic division followed the toxin-induced replication of DNA, as determined by BrdU incorporation in DNs. In addition, blocking E2F-1 transcription protected cultured DNs against 1-methyl-4-phenylpyridinium toxicity. Finally, E2F-1-deficient mice were significantly more resistant to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced dopaminergic cell death than their wild-type littermates. Altogether, BrdU incorporation in mature neurons and lack of evidence for newborn neurons argue against neuronal turnover in normal conditions or during pathological states in the substantia nigra. Instead, our results demonstrate that mitosis-like signals are activated in mature DNs in patients with PD and mediate neuronal death in experimental models of the disease. Inhibition of mitosis-like signals may therefore provide strategies for neuroprotection in PD.
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adult neurogenesis ͉ neurodegeneration ͉ retinoblastoma ͉ apoptosis ͉ dopamine A progressive degeneration of dopaminergic neurons (DNs) in the substantia nigra pars compacta (SNc) accounts for the debilitating motor symptoms in Parkinson's disease (PD). Although several drugs provide temporary symptomatic benefit, no therapy is currently available to halt disease progression, because the mechanisms that initiate and propagate neuronal cell death are incompletely understood (1) .
The present study was inspired by findings that in a number of diverse neurodegenerative diseases mature neurons activate the molecular program that normally guides proliferating cells through the cell cycle to mitotic division, (2) (3) (4) (5) and that cell cycle-related signals are implicated in the molecular pathways leading to apoptosis in some neurodegenerative conditions (6) (7) (8) (9) . There is some evidence that in PD DNs activate the molecular cell-cycle program. Phosphorylation of the retinoblastoma protein (pRb), a molecular trigger of cell-cycle progression, is observed in DNs in the postmortem SNc of PD patients (10) . Likewise, cyclin E promotes S-phase entry and is a substrate of the ubiquitin-ligase parkin, mutations of which have been linked to familial PD (11) . Other genes that underlie familial forms of PD have also been linked to cancer or implicated in cell-cycle regulation (12) . In the 6-hydroxydopamine rat model of PD, cell-cycle markers are expressed in DNs (13).
Finally, inhibition of the cell cycle-related kinase cdk2 provides some neuroprotection in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD (14) . Together, the available data suggest that cell cycle-associated mechanisms are linked to the process of neurodegeneration in PD. However, there have also been reports suggesting constitutive and lesioninduced neurogenesis in the adult SNc (15) . Therefore, the observed cell-cycle events could be related to de novo generation of DNs as well.
Thus, it has not been firmly established whether cell cyclerelated signals in DNs in the SNc in PD play a role in cell death processes or are indicative of neurogenesis. In the present study we use human postmortem tissue and in vivo and in vitro models of PD to examine this unresolved issue.
Results
This study consists of a series of experiments defined to explore possible relationships between the molecular pathways of the cell cycle and cell death.
Cell-Cycle Activation in DNs in PD. We examined DNs in the SNc in postmortem tissue from PD patients for aberrant cell-cycle activation.
First, we quantified the number of chromosomes in nigral DNs, identified by their neuromelanin content, by in situ hybridization with fluorescent probes for chromosomes X and 18 (4) . Observations were made by confocal microscopy. As expected, none of the 232 nuclei analyzed in male control brains contained more than one copy of chromosome X or more than two copies of chromosome 18. In contrast, 4.3 Ϯ 0.8% of the 208 neurons analyzed in male PD patients were polyploid for chromosome 18 and 2.9 Ϯ 0.1% were polyploid for chromosome X [ Fig. 1A and supporting information (SI) Table 1] .
Second, immunoreactivity for proliferating cell nuclear antigen (PCNA), a subunit of the DNA polymerase (16) , was also found in the nucleus of 5.9 Ϯ 1.9% of the 2,593 neurons analyzed in PD patients (Fig. 1B) . Under identical staining conditions, no such immunoreactivity was observed in 11,634 neurons analyzed in controls.
Third, immunoreactivity for E2F-1, a mitosis-linked transcription factor (16) , was found predominantly in the cytoplasm of 3.5 Ϯ 0.9% of the 1,569 neurons analyzed in PD patients (Fig.  1C) . Under identical staining conditions, no such staining was observed in 1,482 neurons analyzed in controls.
These observations provide strong evidence that aberrant cell-cycle processes are activated in DNs in PD.
PCNA Expression in DNs in MPTP-Treated Mice. To determine whether neurons also initiate cell-cycle processes in a model of PD, we specifically killed DNs in the SNc of mice treated with MPTP (1), in acute (4 ϫ 20 mg/kg i.p. at 2-h intervals) or subchronic (5 ϫ 30 mg/kg at 24-h intervals) paradigms, and killed the mice 24 h later. PCNA ϩ nuclei were observed in nigral DNs, identified by tyrosine hydroxylase (TH) expression, only in MPTP-treated mice, but not in the controls (Fig. 2 A and E) .
DNA Synthesis in DNs in MPTP-Treated Mice. To determine whether DNA is synthesized in DNs of MPTP mice, we injected the thymidine analogue BrdU immediately after the first MPTP injection (acute MPTP model: 5 ϫ 50 mg BrdU/kg i.p. at 6-h intervals; subchronic MPTP model: 10 ϫ 50 mg/kg at 12-h intervals; n ϭ 4 per group). BrdU was incorporated into nuclear DNA of TH ϩ cells in both the acute and the subchronic MPTP model, but not in NaCl/BrdU-injected controls ( Fig. 2 B and F) . 
TH
ϩ cells, we treated mice with MPTP and BrdU (acute paradigm) and killed them after 1, 2, 7, 21, or 70 days (n ϭ 3 per time point). In many instances, apparent colocalization of BrdU with TH was artifactual, as evidenced by confocal microscopy or colabeling with the neuronal marker NeuN (Fig. 2 C and D) . In NaCl/BrdU-injected control mice (n ϭ 3 per time point), not a single unequivocal BrdU ϩ TH ϩ cell was observed during this time course. Convincing double-stained BrdU ϩ TH ϩ cells were seen only on days 1 and 2 after MPTP intoxication (Fig. 2G) .
No Evidence for Persistent Neurogenesis in the SNc. Because there was a previous report of continuous production of BrdU ϩ TH ϩ cells in mice (17), we acutely injected mice with MPTP or NaCl, followed by BrdU injection, according to the paradigms described in SI Table 2 , and killed them 70 days later. No BrdU ϩ TH ϩ cells were found in the SNc of these mice, arguing against the existence of spontaneous or lesion-induced generation of new TH ϩ neurons that would persist for 70 days.
No Evidence for Transient Neurogenesis in the SNc. To test the possibility that the PCNA ϩ TH ϩ cells observed soon after MPTP intoxication were newborn neurons that failed to survive, we injected the retrograde tracer FluoroGold into the striatum, the major projection target of the SNc, labeling Ͼ90% of the nigral TH ϩ neurons (Fig. 3A) . These mice were then acutely or subchronically treated with MPTP or NaCl (n ϭ 4 per group) and analyzed 24 h later. All identified PCNA ϩ TH ϩ cells were also FluoroGold-positive ( Fig. 3 B and C) , demonstrating that they already existed before intoxication and were thus not newborn cells.
G1-M-Phase Markers in Degenerating Neurons.
To study DNs in a more efficient manner (18) , we prepared primary cultures of embryonic rat midbrain neurons that were terminally postmitotic under control conditions, because they did not stain for the cell cycle-related molecules described below (Fig. 4A) . However, after 24 h of exposure to 1-methyl-4-phenylpyridinium (MPP ϩ ), the toxic metabolite of MPTP, TH ϩ neurons became strongly immunoreactive for the G 1 -phase-associated cyclin D 1 , S-phaseassociated cyclin E, G 2 -phase-associated cyclin A, and M-phaseassociated Cyclin B in decreasing frequency (Fig. 4B ). Cyclin D 1 ϩ neurons still had rather well preserved dendrites, whereas those expressing the late-phase-associated cyclin B had completely lost their arborization (Fig. 4B ). This finding suggests that MPP ϩ -treated TH ϩ neurons activate signals from each phase of the cell cycle as they degenerate. The fact that fewer cells were cyclin B ϩ than cyclin D 1 ϩ may signify that some cells die before reaching an M-phase-like state.
G1/S-Phase Transition in Degenerating Neurons. As a next step, we sought out to determine whether cells progressed toward S phase in the expected manner. The S phase is typically initiated by phosphorylation of pRb, leading to the release of E2F transcription factors. Unbound E2F proteins autoinduce E2F gene expression and transactivate E2F-target genes, such as PCNA, which is required for DNA synthesis (16) . After MPP ϩ intoxication, but not in control conditions, numerous TH ϩ cells were immunoreactive for phosphorylated pRb (p-pRb), E2F-1, PCNA, or BrdU (Fig. 4C) , suggesting that DNA replication in degenerating TH ϩ neurons follows the expected program. Fewer cells were positive for p-pRb, E2F-1, or PCNA ϩ than for BrdU, however. This discrepancy might be caused by the lower probability of detecting transiently activated signals in cells passing through the G 1 /S transition than BrdU that becomes permanently incorporated.
Co-Occurrence of BrdU Incorporation and Caspase-3 Activation.
To test whether the cell cycle and cell death were activated simultaneously or mutually exclusively, we stained for BrdU and caspase-3. Among the 643 MPP ϩ -intoxicated TH ϩ neurons analyzed in vitro, 88% of those containing activated caspase-3 also had BrdU ϩ nuclei, suggesting that the programs for cell cycle and apoptosis are activated concomitantly (Fig. 4D) .
Cell-Cycle Signals in Apoptotic TH ؉ Cells in the SNc. We then asked whether the cell-cycle signals that we observed in vitro were recapitulated in vivo. TH ϩ apoptotic cells, identified according to morphological criteria (13) 24 h after acute MPTP intoxication in vivo, were p-pRb ϩ and E2F-1 ϩ , suggesting that, like in vitro, degenerating neurons activate cell-cycle signals in vivo (SI Fig. 6 ).
Caspase Inhibition Does Not Prevent BrdU Incorporation. To understand the hierarchy of cell cycle/cell death signaling, we inhibited caspase signaling. In MPP ϩ -intoxicated TH ϩ neurons in vitro, inhibition of caspases with the broad-spectrum inhibitor zVADfmk did not prevent BrdU incorporation (Fig. 5 A and B) , suggesting that caspase activation is not functionally upstream of DNA synthesis.
E2F-1 Suppression Prevents MPP
؉ -Induced Caspase-3 Activation. We then tested, conversely, whether cell-cycle activation is upstream of caspase activation in the MPP ϩ model in vitro. E2F induction is a bottleneck event upstream of PCNA expression and DNA replication (14) . E2F-1 and E2F-4 are the most abundant E2F family members in the brain, but E2F-1, unlike E2F-4, is predominately regulated by p-pRb. Furthermore, E2F-1 has been shown to be the E2F family member that most potently sensitizes cells for apoptosis (16, 19) . Thus, we chose to inhibit E2F-1 expression by transfection of cultured neurons with a validated E2F-1 antisense oligonucleotide; transfection efficiency was 80% (20) . E2F-1 sense oligonucleotides, missense oligonucleotides (data not shown), and omission of oligonucleotides (data not shown) were used as controls. The antisense oligonucleotide, but not the controls, decreased E2F-1 expression, activation of caspase-3, and loss of TH ϩ cells in MPP ϩ -intoxicated cultures (Fig. 5 C-E) , suggesting that E2F-1 signaling is upstream of caspase activation and cell death in this model.
E2F-1 ؊/؊
Mice Are Protected Against MPTP. Finally, we tested whether E2F-1-deficiency in mice (19) could mitigate MPTP toxicity in vivo. Indeed, after both acute and subchronic MPTP intoxication, stereological cell counts demonstrated that there was significantly less nigral TH ϩ cell loss in E2F-1 Ϫ/Ϫ mice than in E2F-1 ϩ/ϩ mice (Fig. 5 F and G) . Yet, the extent of striatal dopamine depletion was in the same range in both genotypes (Fig. 5H) . Finally, the striatal accumulation and elimination of the toxic metabolite MPP ϩ after a single injection of 30 mg/kg MPTP was similar in E2F-1 Ϫ/Ϫ and E2F-1 ϩ/ϩ mice (Fig. 5I ), suggesting that decreased MPTP metabolism did not account for neuroprotection afforded by E2F-1 deficiency.
Discussion
Although neurons of the mammalian central nervous system are terminally differentiated and unable to divide, the present study shows that cell cycle-related processes are active in the DNs of the SNc in patients with PD and that these processes are upstream events in the molecular pathway leading to neuronal cell death in experimental models of the disease. The present study has widespread clinical and conceptual significance for research on cell death in PD and on adult neurogenesis as a whole.
Consistent with a recent study showing aberrant pRb phosphorylation in DNs in the postmortem SNc of PD patients (10), we found p-pRb in TH ϩ neurons in MPTP-treated mice and MPP ϩ -intoxicated cultures. Moreover, we found aberrant expression of E2F-1 and the E2F-inducible protein PCNA in DNs of PD patients, MPTP-treated mice, and MPP ϩ -treated cultures. Although a previous study came to a different conclusion (14) , the present observations provide strong evidence of aberrant activation of the pRb/E2F pathway, a core molecular pathway leading to initiation of the mitotic S phase (7), in DNs in PD and the MPTP/MPP ϩ model.
The mechanisms activating the pRb/E2F pathway in PD and models of the disease are unknown. Yet, oxidative stress and dysfunction of the proteasomal protein degradation pathway, which have been implicated in the pathophysiology of PD (18), can trigger cell-cycle activation in postmitotic neurons (21, 22) and are thus candidate mechanisms for future studies into this field.
We have demonstrated by FISH that nuclear DNA is duplicated in nigral DNs in PD patients. In both MPTP-treated mice and the MPP ϩ -treated cell cultures, we observed nuclear DNA synthesis in DNs as shown by incorporation of the thymidine analogue BrdU. Although BrdU incorporation may also result from DNA repair, the concomitant expression of cell cyclerelated proteins suggests that it was most likely caused by DNA duplication. Our observations together with other studies (10, 13) therefore suggest that the cell cycle-related signals observed in PD patients and models of the disease are functionally relevant and lead effectively to DNA synthesis.
Incorporation of BrdU into DNs has already been observed in the mouse SNc after MPTP intoxication and was interpreted as a sign of adult neurogenesis (17) . However, our FluoroGold tracing experiments unequivocally demonstrate that the cellcycle-like processes observed in vivo occurred in neurons that were already present before their intoxication. Thus, in agreement with other studies (15, 23, 24) , we found no evidence for spontaneous or lesion-induced, transient or persistent, generation of new TH ϩ neurons in the adult SNc.
Several of our observations suggest that cell cycle-like processes are activated in neurons during degeneration: the condensed appearance of the BrdU ϩ chromatin and the disintegrated cytoplasm of the BrdU ϩ cells in MPTP mice (Fig. 3B) ; and the progressive morphological disintegration of MPP ϩ -exposed cultured neurons during the period in which they expressed cyclins that regulate later stages of the cell cycle (Fig.  4B) . The observation that nearly all DNs with activated caspase-3 had also incorporated BrdU into their DNA clearly demonstrated that there is a close association between cell cycle-like processes and apoptosis in the MPTP/MPP ϩ model of PD, as was suggested in the 6-hydroxydopamine model of PD on the basis of morphological criteria (13).
Mitosis and apoptosis are highly conserved mechanisms by which eukaryotic cells divide or die, respectively. Recent evidence suggests that these processes share molecular mediators, such as pRb and the E2F family of transcription factors (6) (7) (8) (9) . The transcriptional activity of E2F prepares cells for DNA synthesis during mitosis (16) . Simultaneously, E2F activity sensitizes cells to apoptosis by inducing transcription of proapoptotic proteins (16, 25) . This Janus-faced activity provides cycling cells with the ability to escape inappropriate proliferative and potentially oncogenic signals by inducing apoptosis.
Consistently, we observed that the cell cycle-like events in cultured TH ϩ neurons are not a consequence of apoptosisassociated caspase activity. Rather, E2F-1 seems to acts upstream of caspase-3 activation and neuronal cell death. It is noteworthy that the neuroprotective effect of E2F-1 inhibition was observed in pure neuronal cultures, suggesting that it resulted from the blockade of cell death signaling cascades in the DNs themselves rather than from repression of a putative glia-dependent mechanism. Consistent with the in vitro data, mice deficient in E2F-1 were also significantly protected against loss of nigral TH ϩ neurons after MPTP intoxication. E2F-1 was originally proposed to be the only member of the E2F family that induces apoptosis, although recent data suggest that other E2F proteins trigger apoptosis as well (16) . Nonetheless, in the MPTP/MPP ϩ model of PD, E2F-1 appears to be a crucial upstream mediator of dopaminergic neurodegeneration. Because neuronal cell death was not completely blocked in the absence of E2F-1, compensatory activities of other E2F family members will need further investigation.
Unlike neuronal death in the MPTP/MPP ϩ model, neuronal loss in the SNc in PD patients proceeds slowly over several decades. One would, therefore, expect to observe far fewer dying cells at any given moment than the 4.3% found to be aneuploid for chromosome 18. Thus, there appears to be a temporal dissociation between DNA replication and cell death in PD, suggesting that the aneuploid neurons might be arrested in a G 2 -like state for a prolonged period before their demise (5), for reasons that are presently unknown.
In conclusion, our data do not only show that the pRb/E2F pathway is activated in DNs in PD, but also demonstrate that activation of this pathway is instrumental in the degeneration of these neurons in the MPTP/MPP ϩ model of the disease, as summarized in SI Fig. 7 . These findings suggest that cell-cycle regulators may be effective targets for therapeutic strategies aimed at slowing or halting neurodegeneration in PD. Animals. The appropriate animal care committees approved the work. Wild-type mice were C57BL/6 (Janvier Breeding Center, LeGenest St. Isle, France). E2F1 Ϫ/Ϫ mice (189) were backcrossed 12 times onto the C57BL/6 background. E2F1 Ϫ/Ϫ and E2F1 ϩ/ϩ littermates were obtained by crossing E2F1 ϩ/Ϫ . Genotyping was done by PCR (19) .
Materials and Methods
MPTP. Ten-week-old male mice received MPTP HCl (SigmaAldrich, Lyon, France) or equal volumes of 0.9% NaCl (controls) as described (1).
BrdU. BrdU (Sigma) was dissolved at 5 mg/ml in 0.9% NaCl and injected i.p at doses of 50 mg/kg body weight.
FluoroGold. FluoroGold (0.4 l 4%) was injected in the striatum (coordinates: A ϩ1.2, L Ϯ1.6, V Ϫ2.5 mm) of anesthetized mice (10 ml/kg of 1% ketamine/0.2% xylazine).
Tissue Preparation. For immunohistochemistry, mice were killed with 100 mg/kg pentobarbital i.p. and perfused transcardially. Postfixed frozen brains were cut in 20-m coronal sections. For HPLC, mice were killed by cervical dislocation. The dissected striata were homogenized in 500 l of 0.4 M perchloric acid, centrifuged (20 min , 13,000 ϫ g, 4°C) , and passed through a 0.2-m filter.
HPLC. Dopamine was measured by RP-HPLC with electrochemical detection (potential 750 mV) under isocratic conditions with an Ag/AgCl reference electrode. MPP ϩ was determined by HPLC with UV detection (wavelength 295 nm).
Cell Culture, Immunohistochemistry, and Image Analysis. Details are published in SI Text.
Antisense Oligonucleotides. Thirty minutes before intoxication, mouse cultures were transfected with 0.35 M of mouse-specific E2F-1 antisense (5Ј-GAA GCG TTT GGT GGT CAG AT-3Ј), E2F-1 sense (5Ј-ATC TGA CCA CCA AAC GCT TC-3Ј), or missense (5Ј-TTG CCT CCC TTT GAA AAA TG-3Ј) oligonucleotides or without oligonucleotides as described (20) .
In Situ Hybridization. Ten-micrometer cryostat sections of human SNc were fixed at Ϫ20°C in 3:1 methanol/acetic acid, rinsed in a graded alcohol series, digested with 0.5% pepsin in 0.01 M HCl (13 min, 37°C), washed in PBS, postfixed in 1% paraformaldehyde (5 min), washed, and dehydrated in a graded alcohol series. Nuclei and DNA probes (CEP; Vysis, Des Plaines, IL) were denatured (76°C, 2 min) and hybridized overnight in a humidified chamber (37°C). Sections were rinsed in 0.4ϫ saline-sodium citrate with 0.3% Nonidet P-40 (American Bioanalytical, Natick, MA) (72°C, 2 min) and 2ϫ SSC with 0.1% Nonidet P-40 (20°C, 5 min). Autofluorescence was reduced with Sudan black. Vysis control slides and female tissue (for chromosome X probes) were hybridized to ensure sensitivity and specificity.
Statistics. Data are shown as mean Ϯ SEM. Normal parametric data were compared with the two-sided, unpaired t test or ANOVA followed by post hoc Student-Newmann-Keuls test. P Ͻ 0.05 was considered significant.
